Wind energy has developed rapidly over the last two decades to become one of the most 12 promising economical and green sources of renewable energy, responding to concerns 13 about use of fossil fuels and increasing demand for energy. However, attention is now 14 turning to what happens to end-of-life wind turbine waste, and there is scrutiny of its 15 environmental impact. In this study, we focus on one aspect of this, the blades. We analyse 16
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Wind energy has developed rapidly over the last two decades to become one of the most 12 promising economical and green sources of renewable energy, responding to concerns 13 about use of fossil fuels and increasing demand for energy. However, attention is now 14 turning to what happens to end-of-life wind turbine waste, and there is scrutiny of its 15 environmental impact. In this study, we focus on one aspect of this, the blades. We analyse 16 and compare end-of-life options for wind turbine blade materials (mainly glass fibre 17 reinforced plastic and carbon fibre reinforced plastic) in terms of environmental impact 18 (focusing on energy consumption), using our own data together with results gathered from 19 the literature. The environmental impacts of each end-of-life option are discussed, looking 20 at processing energy consumption, the recycling benefits and the effect of blade technology 21 development trends. There is considerable variability in the results, and lack of consensus 22 on predictions for the future. We therefore analyse the results using a range of different 23 scenarios to show how the 'optimal' solutions are influenced by trends in blade composition 24 and end-of-life process development. The most environmentally favourable process is 25 dependent on whether the materials used for the blades are glass fibre composite or carbon 26 fibre composite. The extent to which process improvement might affect the viability of 27 different end-of-life processes has been assessed by looking at 'crossover' points for when 28 the environmental impact becomes favourable. This analysis gives new insight into areas 29 where research into process technologies could be targeted to enable significant end-of-life 30 environmental benefits. 
84
WT blade waste has the following specific features:
85
• It has a complex and mixed material composition including fibre, resin, core material 86 and supportive material.
87
• There is variation between WT blades in terms of their structural design, size and 88 material composition.
89
• The large size of the blade may cause difficulties in dismantling, transportation and 90 size reduction.
91
In addition:
92
• Glass Fibre (GF) /GFRP (the major material) is of low value.
93
• The thermoset resin is cross linked and cannot be remoulded.
94
These features make WT blades more challenging to process than general composite 
110
The present study has found from visits to WT blade manufacturers and from information 111 gathered from industry exhibitions that there is good general awareness in the sector that
112
EoL is a problem, but there is little appreciation of the magnitude of its severity and lack of 113 guidance on appropriate options. We are therefore using a quantitative approach to provide 114 a thorough analysis of the EoL options in terms of environmental impact, aiming to formulate 115 guidelines to aid industry and policy makers.
116
In the first part of this paper, relevant literature is reviewed and the incentives for 117 undertaking the analysis of EoL options are explained. The environmental impacts of each
118
EoL option are then discussed, looking at EoL processing energy consumption, the recycling 119 benefits and the effect of blade technology development trends. In the final section, we 120 integrate our findings with data from the literature on environmental impact, proposing 121 different scenarios of future predictions to provide recommendations for 'optimal' solutions.
122
We have used a sensitivity analysis approach to enable us to work with uncertain data. The 123 extent to which process improvement might affect the viability of different end-of-life 124 processes has been assessed by looking at 'crossover' points for when the environmental 125 impact becomes favourable. This analysis also enables new insight into where the greatest 126 benefits would derive from developments in EoL processes. 
143
The total lifetime impact also includes the EoL impact. 
162
The major hypothesis in this model is that the recyclate benefit is assumed to be 
197
The environmental impacts from the transportation and O&M stages are then estimated.
198
Previous studies (Liu and Barlow, 2016) showed that the impact from transportation is Table 3 . 
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In the following, we will discuss the processing energy of EoL options, beginning with 
234
The assumption is that transportation energies for the different technologies will be 235 comparable.
236
The conventional waste processes include landfill and incineration. Landfill CFRP waste 237 requires 0.257 MJ/kg which can be broken down into 0.09 MJ/kg for shredding and 0.167
238
MJ/kg for landfilling operations (Li et al., 2016) . In addition, we note that 0.143 MJ/kg is 239 required for transportation, so a significant part of the total energy is excluded from our 240 analysis. We assume in this study that the energy consumption for landfill disposal is 0.257
241
MJ/kg for both CFRP and GFRP.
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Turning to incineration, we note that heat or power can be generated through burning solid 243 waste in a combined heat and power station. 
251
Glass fibres are not combustible and will hinder incineration (Duflou et al., 2012) . Glass fibre 252 in the flue gas also disturbs the gas cleaning system, and the large amount of un-combusted 253 fibre remaining at the end of the combustion process is also problematic (Schmidt, 2006) .
254
Currently there is no public incinerator which deals with composite waste in the UK (Liu, 
261
In choosing optimal technologies, we note that other factors may over-ride small differences 
297
Based on this premise, we assume the O&M demand in the life extension period will be 298 double that of the designed lifetime and that the environmental impact will also double. The 299 life extension is set to 2 years, 5 years and 10 years for analysis. For example, the lifetime
300
O&M energy consumption of the hybrid blade is 26.3 GJ (see Table 3 ). The annual O&M
301
demand is assumed to double in the extension period, so the energy consumption is also 
322
In the absence of GFRP chemical recycling energy data in the literature, we assume the 323 energy consumption of chemical recycling to be the same for CFRP and GFRP.
324
The energy demand for optimally configured HVF to recycle composite waste is reported as 325 16.2 MJ/kg (Weh, 2012a 
333
The unit processing energy of all EoL options are summarised in 
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The overall recyclate benefits are calculated by combining the unit recycling benefits with the 370 recycling yield rate. Fibrous material yield rates by weight from the literature are included in 371 
M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT
398
Recyclate benefits = -(237.1*58%*100%*(100%-10%)+(312.1*50%*100%)*(100%-399 5%) = -265.8 GJ
400
3 Results and discussion 
432
Turning to the hybrid blade, the recyclate benefits for most EoL options are improved in
433
comparison to the full GF blade, as part of the recyclate is the high-value, high-energy-
434
intensive CF. The net impacts of pyrolysis and fluidised-bed process are still the highest, at
435
98% compared to landfill. The incineration impact, however, increases to 97%. Although the
436
CF releases some incineration energy, its manufacture stage is very energy-intensive so the 437 beneficial effect of energy recovered from the incineration process is small by comparison.
438
The impact of mechanical recycling, MAP, HVF and LE 2 years are in the range of 84% to
439
90% which are slightly reduced compared to the results for the GF blade. Chemical recycling
440
shows the most promise here, and can reduce the net impact to 72% of landfill, less than 441 that of LE 5 years but still exceeding that of LE 10 years. 
447
The manufacturing energy consumption of virgin CF is 286 MJ/kg which is 4.5 times higher 448 than for GF and 1.2 times higher than for epoxy resin. For the CF blades, the EoL options 
501
The results reveal that variations in the EoL processing energy make more of a difference to 
506
HVF are affected significantly by variation in process energy to the extent that they can 507 cross the breakeven point. This reveals that further investigation of data for processing 508 energy and recyclate benefit for these two technologies would be worthwhile.
509
For the CF blade, the variation of recyclate benefit has an insignificant effect on whether it is 510 worth recycling or not, in terms of energy. This is because the recycling potential of the CF
511
blade is high and the recycling processing energy consumption is minor in comparison, so 512 even if the recyclate benefit is considerably reduced, the net impact is still lower than that of 
533
Considering all EoL options, life extension (LE) 10 years has the lowest net impact, the best 534 overall result, reducing the net impact to 53%. Hence, at current technological levels, life 535 extension is the 'optimal' EoL option for GF blades. These life-extended blades will 536 ultimately still need to be processed, although this option gives more time for lab-scale 
539
In the future, when the lab-scale technologies are mature, chemical recycling would be the
540
'optimal' choice since it has the best potential to reduce the maximum environmental impact.
541
However, it should be noted that this option is strongly affected by the EoL processing 542 energy and the recyclate value, both of which may change in the future. If the processing 543 energy increases to over 35 MJ/kg or the recyclate value drops by 47% (Section 3.4, Figure   544 6), it is no longer worth using chemical recycling to reduce environmental impact.
545
For the hybrid blade, mechanical recycling and incineration are the only two methods which 546 have a lower impact than landfill from among the conventional and ready-to-go EoL options.
547
These methods can reduce the net impact to 88% and 97% respectively. The more 548 advanced lab-scale MAP and HVF can reduce the impact to 90% and 84% respectively.
549
Chemical recycling performs the best and can provide a significant decrease in the net 550 impact to 72%. Sensitivity analysis shows that net impact is strongly dependent on the 551 recyclate value and processing energy. Therefore, the choice of 'optimal' EoL option for 552 hybrid blades is reliant on very accurate data, which will change as technologies develop 553 and scale up.
554
The high embodied energy of CF blades makes their recycling potential higher than the 
565
Conclusions
566
In this paper we have adopted an eco-audit approach, using energy as the measure of 
582
In summary, the optimal end-of-life treatments for the three types of WT blades based on the 583 net environmental impact are as follows:
584
• GF blade: mechanical for recycling at this moment, life extension for non-processing; 
